Dietary intake of 0.1% fucoxanthin significantly reduced lipid hydroperoxide levels of liver and abdominal white adipose tissue (WAT) of obese/diabetes KK-A y mice. The fucoxanthin supplementation also significantly reduced blood glucose level and hepatic lipid contents of the mice. Oxidative stress is known to be induced in hyperglycemia and high fat conditions. Therefore, in vivo antioxidant activity of fucoxanthin found in the present study could be attributed to its anti-diabetic effect and its decreasing effect on hepatic lipids. On the other hand, little effect of fucoxanthin on lipid hydroperoxide levels was found in normal ICR mice. Although the content of fucoxanthin metabolites in the abdominal WAT of KK-A y mice was about 50 times higher that in the liver, there was little difference in its in vivo antioxidant activity between in the liver and in the abdominal WAT. These results suggest that well-known ability of fucoxanthin to scavenge active oxygen species and/or free radicals would not be a main reason to explain its in vivo antioxidant activity.
Introduction
Polyphenols and carotenoids have been implicated as important dietary nutrients having antioxidant potential. The antioxidant property is the one of the possible mechanism by which they afford their beneficial health effects [1] . Recently, we have found that hepatic lipid hydroperoxide levels of mice fed brown seaweed lipids containing fucoxanthin, a characteristic carotenoid found in brown seaweeds, were significantly lower than that of control mice, even though total polyunsaturated fatty acids (PUFAs) content in the liver of mouse fed the brown seaweed lipids was higher than that of mouse fed control diet [2] . This suggested the involvement of fucoxanthin and/or polyphenols as major antioxidants in the brown seaweed lipids to the lower hydroperoxide levels in the liver.
Antioxidant activity of seaweed polyphenols have been reported by many researchers [3] [4] [5] [6] . However, the evaluation of the effects exerted by algal polyphenols gives several problems when moving from in vitro experimental systems to the complexity of in vivo system. The major problem is their bioavailability and the difficulties in unraveling the complex mechanisms of absorption and metabolism. Up to date most of studies on the biological activities of algal polyphenols have been done in vitro systems using cultivated cell lines. In our previous study [2] , no compound related to brown seaweed phenolic compounds or their metabolites was detected in high performance liquid chromatography (HPLC) analysis of the liver of mouse fed brown seaweed lipids, while fucoxanthin metabolites, mainly fucoxanthinol, were found in the liver. Furthermore, in vivo antioxidant activity level of different kinds of brown seaweed lipids was dependent on the fucoxanthin content, but not on the polyphenol content of each brown seaweed lipids. These results suggested that the in vivo antioxidant activity of the brown seaweed lipids found in the previous study [2] would be due to fucoxanthin metabolites, but not to polyphenols.
To make clear the in vivo antioxidant activity of fucoxanthin, the present study was aimed to examine the effect of purified fucoxanthin on lipid hyderoperoxide levels in the liver and in the abdominal WAT of obese/ diabetes model KK-A y mouse.
the commercial dried seaweed (Undaria pinnatifida) powder using acetone. Fucoxanthin was purified from the extracted crude lipids by silica gel column chromatography with n-hexane/acetone (8:2, v/v) as previously described [7] . The purity of fucoxanthin was >97% by HPLC analysis. The HPLC was carried out with a Hitachi L-2350 HPLC system (Hitachi Seisakusho Co., Tokyo, Japan) equipped with a pump (L-2130), an autosampler (L-2200) and a spectrophotometric detector (L-2400) [8] . The analyses were carried out at 25˚C using a ODS column (Develosil-ODS-UG-5, Nomura Chem. Co., Aichi, Japan) protected with a guard column having the same stationary phase. The mobile phase composition was methanol: hexane: dichloromethane: acetonitrile (10:2.5:2.5:85, v/v/v/v). The flow rate was set at 1.0 mL/min and the eluent was monitored at 450 nm.
Animals and Diets
All procedures for the use and care of animals were approved by the Ethical Committee of Experimental Animal Care at Hokkaido University, Japan. Animal experiments were carried out by using 6 weeks of age female ICR mice and 6 weeks of age female KK-A y mice. Both mice were obtained from Japan CREA Co., Osaka, Japan. The mice were housed at 23˚C ± 1˚C and at 50% ± 10% humidity with a 12 h light/12 h dark cycle throughout the experiment. The mice had free access to drinking water and were fed a diet prepared according to the recommendations of American Institute of Nutrition (AIN-93G) [9] .
After acclimation for 1 week, mice were randomly divided into each group of six and were fed the experimental diets for 3 weeks. The body weight, diet and water intake of each mouse was recorded every day. The composition of the diets is shown in Table 1 . Soybean oil and lard were used for dietary lipids. Major fatty acids of soybean oil were 16:0 (10.5%), 18:1n−9 (23.3%), 18:2n−6 (51.8%), and 18:3n−3 (6.0%), while those of lard were 16:0 (24.8%), 18:1n−9 (42.5%) and 18:2n−6 (8.9%). Fucoxanthin (0.1%) was substituted with soybean oil ( Table 1 ). All diets were vacuum-packed immediately after preparation and stored at −20˚C.
Sample Collections
After feeding with the control and experimental diets for 3 weeks, mice were starved for 12 h and dissected while anesthetized with diethyl ether. Liver, abdominal white adipose tissue (WAT), and other tissues were rapidly removed in their entirety and weighed. The protein content in the tissue was measured by Lowry method [10] .
Blood Glucose
Blood glucose was determined using a blood glucose Fe CN  .
Hydroperoxide Analysis of Liver and Abdominal WAT Lipids
Each tissue was perfused with 0.9% NaCl and the lipids Each tissue was perfused with 0.9% NaCl and the lipids were extracted with chloroform/methanol (2:1, v/v) as described previously by Folch et al. [11] . Tissue samples from each mouse were analyzed separately. Lipid hydroperoxide is known to react stoichiometrically with non-fluorescent diphenyl-1-pyrenylphosphine (DPPP) to give fluorescent DPPP oxide [12] . The hydroperoxide content of tissue lipids was determined using this quantitative conversion of DPPP to DPPP oxide. Briefly, a 10 mg of lipid extract was weighed and dissolved in 5 ml chloroform (containing 10 mg/mL butylhydroxytoluene (BHT))/methanol (2:1, v/v). To a test tube with a screw cap, 100 L of the sample solution and 50 L of DPPP solution (1 mg/10 mL chloroform) were added and left for 60 min at 60˚C in a water bath. Then the solution was cooled in an ice bath and 3 ml of 2-propanol was added. The reaction mixture was diluted by 1:10 (v/v) before measurement by reversed phase HPLC. The HPLC was carried out with the same system as described above except that a fluoresence detector (Hitachi L-2485) was used for the analysis. All the HPLC analyses were done at 40˚C using a reversed-phase column (Develosil-ODS-UG-5, Nomura Chem. Co.), protected with a guard column (10 × 4.0 mm i.d.) having the same stationary phase. The mobile phase was butanol-methanol (10:90, v/v) and the flow rate was 1.0 mL/min. The fluoresence detector (Hitachi L-2485) was set at Ex. 352 nm and Em. 380 nm. The hydroperoxide concentration in the sample solution was calculated from the DPPP oxide detected using a DPPP oxide standard curve. The hydroperoxides in the tissue lipids were expressed as μmol/g tissue.
purified by silica gel column chromatography using acetone/n-hexane (1:1, v/v) and HPLC. The purity of fucoxanthinol was >99% by HPLC analysis.
Statistical Analysis
Results are shown as mean ± standard error of the mean (SEM) for seven mice. Differences between groups were examined for statistical significance using Scheffe's, Tukey HSD or t-test for independent samples with Statistica (StatSoft software).
Fucoxanthin Content of Extracted Lipids
An aliquot of the extracted lipids was dissolved in acetone and filtered with a 0.22 μm of membrane filter (PTFE Acrodisc; Wako, Osaka, Japan). The filtered sample was analyzed by HPLC. The HPLC was carried out with the same conditions as described in the previous section for fucoxanthin preparation. Fucoxanthinol and amarouciaxanthin A were identified as major metabolites of fucoxanthin by comparing with authentic purified fucoxanthinol and amarouciaxanthin A [2] . Unknown peak other than the peaks corresponding to fucoxanthinol and amarouciaxanthin A was also detected as shown in our previous paper [2] . Quantitative estimation of these peaks was done using standard curve. The detection wavelength was set at 450 nm. Purified fucoxanthinol was used as authentic standard for the quantification of fucoxanthin metabolites in extracted lipids from each tissue. The contents were expressed as μg/mg protein of tissue.
Results

Changes in Body Weight and Tissue Weights
Normal ICR and diabetic/obese KK-A y mice were fed high-fat diet with or without fucoxanthin for 3 weeks ( Table 1) . Throughout the experimental period, no significant difference (P > 0.05) in total food intake and total water intake was observed among the two groups of ICR and KK-A y mice. Intake of 0.1% fucoxanthin slightly reduced the body weight gain and total weight of mesentery, epididymal, perirenal and retroperitoneum WAT per body weight of both ICR and KK-A y mice, however, the difference was not significant (Figure 1 and Table 2 ). On the contrary, brown adipose tissue Fucoxanthinol was prepared from purified fucoxanthin by hydrolysis with porcine pancreas lipase, type II (Sigma, St. Louis, MO). Purified fucoxanthin (purity > 99%) was obtained by the HPLC separation of Undaria pinnatifida lipids as described previously [13] . One gram of fucoxanthin and 5 g of taurocholic acid sodium salt were once dissolved in methanol, and the solvent was dried under nitrogen. Then 20 g of lipase (Sigma) in 1l of potassium phosphate buffer (0.1 M, pH 7.0) was added to the mixture of fucoxanthin and taurocholic acid and dispersed by sonication. After incubation at 37˚C for 2 h, the reaction mixture was extracted with methanol/diethyl ether (1:1, v/v), and the diethyl ether phase containing fucoxanthinol was separated. Fucoxanthinol was further In Vivo Antioxidant Activity of Fucoxanthin on Obese/Diabetes KK-A y Mice 1494 (BAT) weight increased by feeding fucoxanthin in both kinds of mice. Especially, significant increase was observed in KK-A y mice ( Table 2) .
Effect of Fucoxanthin Intake on Blood Glucose Level and Lipid Levels of Liver and WAT
Since KK-A y mouse is characterized by hyperglycemia, the plasma glucose level of the KK-A y mice fed control diet was significantly higher than that of normal ICR mice (Figure 2) . The blood glucose levels of KK-A y mice significantly decreased by fucoxanthin intake, whereas fucoxanthin did not affect the blood glucose levels of ICR mice (Figure 2) . The same effect of fucoxanthin was found in the liver lipid content (Figure  3(a) ). Lipid content in the liver of KK-A y mice fed control diet was higher than that of ICR mice, but the lipid level significantly reduced by fucoxanthin supplementation to the same level as that of control ICR mice. On the other hand, there was no significant difference in the lipid content of WAT between KK-A y and ICR mice (Figure 3(b) ). Little effect of fucoxanthin was also found in the lipid level of WAT of both KK-A y and ICR mice (Figure 3(b) ).
Lipid Hydroperoxide Levels in Liver and WAT of KK-A y and ICR Mice
Lipid hydroperoxide levels in the liver and WAT of KK-A y mice fed control diet were significantly higher than those of ICR mice (Figure 4) . The hydroperoxide levels were significantly reduced by the addition of 0.1% fucoxanthin to the diet for KK-A y mice. On the other hand, little change was found in lipid hydroperoxide levels of ICR mice with or without fucoxanthin. 
Fucoxanthin Metabolite Contents
Contents (μg/mg protein) of fucoxanthin metabolites in liver and abdominal WAT are shown in Table 3 . More fucoxanthin metabolites were detected in abdominal WAT of ICR and KK-A y mice than in liver of both mice. The main fucoxanthin metabolite was amarouciaxanthin A for WAT. On the other hand, fucoxanthinol was most abundant fucoxanthin metabolite in the liver, being followed by amarouciaxanthin A and unknown metabolite, respectively, whereas the difference in the content of three kinds of fucoxanthin metabolites in the liver was a little.
Discussion
In the present study, we used KK-A y mice as an obese/diabetes animal model, while ICR mice were used as normal model mice. The inbred mouse strain KK, established in Japan as a diabetic strain, develops type 2 diabetes mellitus with mild obesity, mainly due to insensitivity of the peripheral tissue to insulin. Diabetes and obesity in KK mice is relatively moderate but introducetion of the Ay allele (KK-A y ) exacerbates the pathophysiological obese and diabetes conditions [14] . As expected, abdominal WAT weight ( Table 2 ) and glucose level (Figure 2) of control KK-A y mice were much higher than those of normal ICR control, although both animals were fed the same high-fat diet ( Table 1) . It is known that significant increase in oxidative stress is observed in obese subjects [15] [16] [17] . Hyperglycemia, fundamental abnormality found in diabetes, can also induce oxidative stress [17] [18] [19] [20] . Therefore, the obese and diabetic conditions of KK-A y mice resulted in oxidative stress to produce more lipid hydroperoxides than those found in normal ICR mice (Figure 4) .
The higher hydroperoxide levels of KK-A y mice markedly decreased by fucoxanthin supplementation to the same level as that found in control ICR mice (Figure  4) . Blood glucose level of KK-A y mice was significantly reduced by the supplementation of fucoxanthin (Figure  2) , while no significant decrease in abdominal WAT was found by the fucoxanthin intake ( Table 2) . Therefore, the in vivo antioxidant activity of fucoxanthin on KK-A y mice found in Figure 4 would be partly due to the significant reduction of blood glucose level. Anti-diabetic effect of fucoxanthin has been well studied at molecular level [21] [22] [23] [24] . One of the molecular mechanisms is the regulatory effect of fucoxanthin metabolites accumulated in abdominal WAT on releasing biologically active mediators termed adipokines. With the exception of adiponectin and adipsin (complement factor D), most other adipokines has been implicated in obesity, type 2 diabetes, hypertension, inflammatory, and cardiovascular diseases [25] . Dietary fucoxanthin down-regulated the over expressions of these adipokines such as leptin, tumor necrosis factor-α (TNF-α), monocyte chemoattractant protein-1 (MCP-1), and plasminogen activator inhibittor-1 (PAI-1) [21] . In addition, fucoxanthinol, one of the main metabolite of fucoxanthin, decreased nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) mRNA expression in RAW264.7 cells stimulated by palmitic acid [21] . This down-regulatory effect of fucoxanthin metabolite on iNOS and COX-2 expressions would be also related to its in vivo antioxidant activity [26] [27] [28] , although the effect of fucoxanthin on the expression of iNOS and COX-2 was not analyzed in the present study.
Fucoxanthin shows an antiobesity effect through uncoupling protein 1 (UCP1) induction of WAT mitochondria [29] . This activity has been reported to appear at least more than 60 mg fucoxanthin intake/kg mouse/day [2] , while the significant reduction of abdominal WAT of obese female volunteers was observed only by intake of fucoxanthin less than 0.024 mg/kg/day (2.4 mg intake/day for volunteers with 100 kg average weight) [30] . When fucoxanthin intake of mouse in the present study is roughly calculated from fucoxanthin content (0.1%) in the diet, average feed intake (>3 g diet per day), and average mouse body weight, it was around 50 mg fucoxanthin intake/kg mouse/day. This fucoxanthin level might not be enough to show an anti-obesity effect on the KK-A y mice used in the present study ( Table 2) . Dietary fucoxanthin also significantly reduced hepatic liver lipids of KK-A y mice to the same level as that found in ICR control mice (Figure 3(a) ). The decrease in the Copyright © 2012 SciRes.
FNS
In Vivo Antioxidant Activity of Fucoxanthin on Obese/Diabetes KK-A y Mice 1496 lipid substrates for oxidation could result in the lower lipid hydroperoxide levels of the liver (Figure 4(a) ). Woo et al. [31] has reported the improvement effect of fucoxanthin on hepatic lipid profiles of C57BL/6N mice fed a high-fat diet containing 39% of calories as fat. Both 0.05% and 0.2% fucoxanthin supplementation signifycantly lowered triacylglycerol (TG) levels by 38% and 24%, respectively, and cholesterol levels by 26% and 24%, respectively, compared to the control group. From the analysis of enzymatic activities, they demonstrated that the effect of fucoxanthin on the lipid metabolism would be due to suppression of the hepatic lipogenesis and increase in hepatic lipolysis through regulation of nuclear receptors, peroxisome proliferators activated receptor α (PPARα) and PPARγ.
Because of the presence of long central chain of conjugated double bonds and its characteristic functional groups of the terminal rings, fucoxanthin shows ability to quench singlet molecular oxygen ( 1 O 2 ) and to trap free radicals [32] . Nomura et al. [33] demonstrated the 1,1-diphenyl-2-picrylhydrazyl (DPPH) quenching activeity of fucoxanthin isolated from the diatom Phaeodactylum tricornutum. Electron spin resonance (ERS) analysis showed the quenching ability of fucoxanthin against both organic radicals DPPH and 12-doxyl-steraic acid (12DS) [1] . Yan et al. [34] demonstrated the strong DPPH radical scavenging activity of organic extracts from different edible seaweeds and fucoxanthin was identified as the active compound. DPPH radical scavenging activity, ABTS radical scavenging activity, and hydroxyl radical scavenging activity of fucoxanthin were measured by chemiluminescence technique [35] . Therefore, in vivo antioxidant activity of fucoxanthin found in this study might have been related to its in vitro antioxidant capacity reported in above studies. However, as shown in Figure 4 , dietary fucoxanthin had little effect on lipid hydroperoxide levels of both liver and abdominal WAT of ICR mice as compared with those of control ICR mice. The in vivo antioxidant activity of fucoxanthin was only found in diabetes and/or hepatic hyperlimidemia conditions found in KK-A y mice. These results suggests that significant decrease in lipid hydroperoxides in both liver and abdominal WAT of obese/diabetes KK-A y mice fed fucoxanthin (Figure 4) will be mainly based on the reduction of glucose level and decrease in hepatic lipids by the fucoxanthin intake, but not much on its ability to scavenge free radicals and active oxygen species.
Carotenoids have been implicated as important dietary nutrients having antioxidant potential, being involved in the scavenging 1 O 2 and peroxy radicals generated in the process of peroxidation [36] . There is little doubt that, under the right conditions, carotenoids can protect cells, tissues and other structures such as lipoproteins against oxidative attack. To be effective antioxidants, carotenoids must be present in sufficient concentrations and at the specific locations where the reactive oxygen species and/or free radicals are generated [37] . Several carotenoids have been reported to decrease the risk of diseases and disorders by reduction of oxidative stress in the target tissues, since they can be present in sufficient amounts and right location to be a meaningful antioxidant in the tissues. For example, lutein and zeaxanthin has been studied widely and proven to show diverse beneficial effects on human health, particularly on optimising eye health [38] . The biological mechanisms for the protective effects of both carotenoids may include powerful blue-light filtering activities and antioxidant properties. There have been several studies on the relationship between the antioxidant activity of astaxanthin and the prevention of cardiovascular disease [39] [40] [41] . Prevention of atherosclerosis by astaxanthin intake can be explained by their protective effects on low density lipoprotein (LDL) and vein endothelial cells against oxidative injury and dysfunction. In case of fucoxanthin, the localization has been reported in abdominal WAT [29] . The high accumulation of fucoxanthin metabolites in abdominal WAT was also observed in the present study ( Table 3 ). In spite of higher distribution of fucoxanthin metabolites to the abdominal WAT, however, little difference in the in vivo antioxidant activity of dietary fucoxanthin was found between in the liver and in the abdominal WAT (Figure 4) . This result suggests a little involvement of direct action of fucoxanthin on active oxygen species and/or free radicals to its in vivo antioxidant activity found in the present study.
It is difficult to explain all the physiological effects of carotenoids only by their antioxidant activity [42] . Modulation effect of carotenoids on specific gene and protein expression in biological systems may be more important to explain biological effect of carotenoids. Fucoxanthin can quench 1 O 2 ; however the ability is lower than those of β-carotene, lycopene, and ataxanthin because of the lower number of conjugated double bonds present in the molecule. On the other hand, our previous studies shows that fucoxanthin improves insulin resistance and decreases blood glucose levels through down-regulation of several adipokines, up-regulation of glucose transporter 4 (GLUT4) expression in skeletal muscle, and promotion of GLUT4 translocation to the cell membrane [21] [22] [23] [24] . This regulatory effect of fucoxanthin on target molecules would be main mechanism to explain its in vivo antioxidant activity.
Conclusion
The present study demonstrated that dietary brown seaweed carotenoid, fucoxanthin, reduced in vivo oxidative stress through the reduction of blood glucose level and hepatic lipid content of obese/diabetes model KK-A mice. The in vivo antioxidant activity of fucoxanthin was only found in diabetes condition, but not in a normal condition, suggesting that ability of fucoxanthin to scavenge active oxygen species and/or free radicals would not be a main reason to explain its in vivo antioxidant activity.
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